A diet containing high levels of saturated fat and cholesterol is detrimental to many aspects of health and is known to lead to obesity, metabolic syndrome, heart disease, diabetes, and cancer. However, the effects of a diet rich in saturated fat and cholesterol on the brain are not currently well understood. In order to determine direct effects of a high saturated fat and cholesterol diet upon fetal hippocampal tissue, we transplanted hippocampal grafts from embryonic day 18 rats to the anterior eye chamber of 16-month-old host animals that were fed either a normal rat chow diet or a 10% hydrogenated coconut oil + 2% cholesterol diet (HFHC diet) for 8 weeks. One eye per rat received topical application of an IL-1 receptor antagonist (IL-1Ra, Kineret) and the other served as a saline control. Results revealed that the HFHC diet led to a marked reduction in hippocampal transplant growth, and detrimental effects of the diet were alleviated by the IL-1 receptor antagonist IL-1Ra. Graft morphology demonstrated that the HFHC diet reduced organotypical development of the hippocampal neuronal cell layers, which was also alleviated by IL-1Ra. Finally, grafts were evaluated with markers for glucose transporter expression, astrocytes, and activated microglia. Our results demonstrate significant effects of the HFHC diet on hippocampal morphology, including elevated microglial activation and reduced neuronal development. IL-1Ra largely blocked the detrimental effects of this diet, suggesting a potential use for this agent in neurological disorders involving neuroinflammation.
INTRODUCTION
to young hosts could include delayed and altered vascular development, increased and prolonged activation of microglial cells following the grafting procedure, as well Intracranial transplantation of fetal neurons or engineered cell lines has been proposed as a potential treat-as reduced growth and development of neuronal components of the grafts. Studies from our laboratory (69) and ment for neurodegenerative diseases such as Alzheimer's disease (AD) and Parkinson's disease (PD) [see, e.g., others (7,11,55,75) have developed strategies to improve graft survival. For example, our laboratory has pre-Torrente et al. (64) ]. However, a major limitation in this method is graft survival in a compromised environment, viously found that supplementation with brain-derived neurotrophic factor (BDNF) or with blueberries to aged such as the aged brain (14, 41, 46, 71) . The most prominent risk factor for both AD and PD is aging, and it is hosts following intraocular transplantation improves graft survival and increases development of new neurons well known that the aged brain poses special challenges for successful grafting of cells (10, 14, 24, 25, 46) . The (69, 71) . These data demonstrate that dietary factors may elicit major effects on development of brain tissue. specific reasons why the aged brain is less permissive for successful survival of grafted cells have not yet been However, detrimental effects of high-fat diets have not been explored in terms of brain development. revealed, but several factors, such as increased inflammatory response, reduced growth factor production, and
The "Western Diet" is well known in our society for causing cardiovascular disease, obesity, type 2 diabetes, reduced cellular support systems, have been reported (3, 14, (24) (25) (26) 46, 60, (69) (70) (71) (72) . and stroke (12, 19, 31) . It is a diet that is high in saturated fat, cholesterol, trans fat (hydrogenated oils), and low in Specific alterations in grafts to aged hosts compared fiber, fruits and vegetables (15) . Previous studies have creases expression of proinflammatory cytokines and chemokines (9, 53, 54) . Endogenous IL-1 receptor antag-shown that a high-fat/high-cholesterol diet (HFHC) results in significant circulatory elevations in cholesterol onist (IL-1Ra) has also been defined as an anti-inflammatory agent (1). The aims of the present study were and an altered low to high density lipoprotein ratio (LDL/HDL ratio) (30, 51, 52) . Further, investigators have twofold: 1) to explore effects of a HFHC diet upon hippocampal development and 2) to determine whether the found that circulating cytokines, in particular interleukin-1 (IL-1) and IL-6 are also elevated, both in humans age-related detriment of hippocampal development in aged hosts fed a high-fat diet could be alleviated by and in rodents after a prolonged intake of cholesterol and saturated fat-enriched diets (38, 48, 61) , suggesting IL-1Ra. that inflammatory pathways may be involved in detri-MATERIALS AND METHODS mental effects observed following exposure to this diet.
Animals and Diets Although previous work has demonstrated significant effects of a HFHC diet on brain functions such as learn-Fourteen-month-old female Fischer 344 rats (Harlan, ing and memory (36, 49, 73, 74) , it is not known how Indianapolis, IN, USA) were given 1 week to acclimate these effects are exerted. Cholesterol does not cross the to the vivarium and then randomly divided into two diblood-brain barrier (BBB), and most of the brain choetary treatment groups (n = 6 rats per group). Rats were lesterol is produced within the brain itself (66,67). Howfed a control rat chow diet or HFHC diet for 8 weeks. ever, it is well known that proinflammatory cytokines
The control diet consisted of standard rat chow (8656 can cross the BBB and exert effects on both microglial Harlan Teklad Sterilizable Rodent Diet; Harlan). This cells and neurons within the brain parenchyma (17, diet delivered 13% calories from fat (soybean oil), 53% 42,62). Therefore, we hypothesize that damage from the calories from carbohydrate, 34% calories from protein, HFHC diet is due, at least in part, to an inflammatory and contained a vitamin/mineral mix. The treatment diet response in the periphery that leads to an inflammatory consisted of 10% hydrogenated coconut oil and 2% choresponse in the central nervous system. lesterol by weight ("Custom Diet D2-AIN93 without In order to further analyze specific effects of a HFHC choline bitartrate and with 2% cholesterol") manufacdiet on development of the hippocampus, we isolated tured by MP Biomedicals (Solon, OH, USA). This diet the fetal hippocampus from the rest of its neural netdelivered about 45% calories from fat, 35% calories works and transplanted it to the anterior eye chamber from carbohydrate, 20% calories from protein, and conof middle-aged recipient rats. Grafts transplanted to the tained a vitamin/mineral mix. This diet was previously anterior eye chamber become vascularized in less than used by our laboratory and we have shown that it ele-2 weeks (26, 34, 65) and, therefore, the grafts are pervated cholesterol and triglyceride levels (33) . Total body fused with growth factors, cytokines, and many other weights and food consumption were measured weekly molecules circulating in the host animal's blood. For throughout the experiment. Animal protocols were apthis experiment, we chose to graft developing hippocamproved by the Medical University of South Carolina Inpal tissue to middle-aged recipient rats, because we have stitutional Care & Use Committee and carried out acpreviously shown that survival of grafted tissue is comcording to guidelines from the National Institutes of promised when grafted to aged or middle-aged hosts Health (NIH). (72) . We hypothesized that the increased systemic cyto-Dissection and Transplantation kines as a result of the aging process and the HFHC diet would give rise to further detriment in the development Pregnant Fischer 344 dams (Harlan) were euthanized with an overdose of isofluorane and their fetuses were of hippocampal grafts.
To test our hypothesis that the damaging effects of a removed at embryonic day 18. The fetal brain was rapidly removed and the hippocampal formation was dis-HFHC diet are at least in part due to inflammation, we also applied the IL-1 receptor antagonist (Amgen Kin-sected. The hippocampal formation was further cut into several pieces along the longitudinal axis, each piece eret, anakinra). Kineret is typically used in humans to treat rheumatoid arthritis (28) and is known to cross the containing the CA1-CA3 and dentate gyrus, as described previously (29) . Fetal tissue pieces were incu-BBB (13). Since Kineret is a common treatment for rheumatoid arthritis, has no known major side effects, bated with either sterile saline or an IL-1Ra solution (see below) for 30 min prior to grafting. Graft recipient rats and has defined pharmacological effects (32) , we chose this drug to examine whether blocking an inflammatory (14-month-old female Fischer 344 rats) were anesthetized with ketamine (Ketaset, 80 mg/kg, IP) and xylaz-cascade in grafted tissues would prevent damaging effects of the HFHC diet. IL-1 is a major player in the ine (Rompun, 12 mg/kg, IP) and their pupils were dilated with one drop of 1% atropine solution on the immune response not only due its own actions, but the fact that downstream signaling through NF-κB also in-cornea to facilitate grafting, and to avoid damage to the iris vasculature during the grafting procedure. A razor analyzed using the SYNCHRON Systems kits [see Granholm et al. (33) for details]. blade slit through the cornea was made in the lateral angle of the eye, and 1 × 1 mm pieces of fetal hippo-Morphological Evaluation of Hippocampal Grafts campal tissue were slowly injected into the anterior eye After the hippocampal grafts were allowed to develop chamber using a modified glass syringe according to our in the anterior eye chamber for 6 weeks, the host rats previously published protocol (5,29). Animals recovered (n = 6 animals per dietary group) were sacrificed with under heat lamps and also received topical treatment an overdose of isofluorane, and the intraocular grafts with an analgesic agent, proparacaine ophthalmic soluwere removed. As done previously in our laboratory tion (0.05 %), onto the cornea every hour for 4 h after [see, e.g., Willis et al. (69) for details], grafts were imthe transplant surgery. mersion fixed overnight in 4% paraformaldehyde prepared in 0.1 M phosphate-buffered saline (PBS) and IL-1Ra Treatment then transferred to 30% sucrose in PBS. Grafts were sec-The IL-1Ra, Kineret, was purchased from Amgen tioned on a cryostat (Zeiss-Microm) to a thickness of 10 (anakinra, Thousand Oaks, CA, USA). The drug is manµm and immediately mounted on glass slides. Sections ufactured for use in humans with rheumatoid arthritis were arranged using a systematic random design, such and is provided in 1-ml single-use prefilled glass syringthat every 15th section was placed on the same slide. es. The syringes contain 0.67 ml (100 mg) of anakinra Hematoxylin-eosin (H&E) staining was performed on as well as 1.29 mg sodium citrate, 5.48 mg sodium chlothe grafted tissue in order to observe gross morphology. ride, 0.12 mg disodium EDTA, and 0.70 mg polysorbate
The first section in a series was randomly picked, where-80 in water for injection, pH 6.5. Before transplantation, after every 15th section was stained (see above). Sechalf of the hippocampal grafts were incubated for 30 tions were incubated in xylene followed by decreasing min in the anakinra solution (100 mg/0.67 ml) while the concentrations of ethanol in order to dehydrate the tisother half were incubated in sterile saline (control). One sue. Slides were then incubated in Mayer's hemalum piece of either IL-1Ra-treated or vehicle-treated tissue (Sigma, St. Louis, MO, USA) for 4 min, followed by was grafted into alternate eyes of the same animal, so tap water and then incubation in eosin (Sigma) for 1 that each rat served as an internal control for the locally min. Finally, slides were differentiated in 95% ethanol, applied treatment paradigm. For the next 6 weeks, graft washed in absolute ethanol and xylene, and coverslipped recipients received a topical application (once every in Permount (Fisher Scientific, Pittsburgh, PA, USA). week) on the outside of the cornea with either 1 drop of Further analysis of the tissue was achieved using im-IL-1Ra solution (8 mg dosage) or sterile saline. Hence, munofluorescence and the following antibodies: glial fithe IL-1Ra-treated grafts were first incubated for 30 brillary acidic protein (GFAP, Chemicon, Billerica, MA, min, and then received topical application of the same USA, concentration 1:1000), OX-6 (RT1B class II motreatment once weekly for 6 weeks. Topical application nomorphic for activated microglia, Serotec, Raleigh, NC, of cytokines or trophic factors onto the cornea of rats USA, concentration 1:1000), IL-1 receptor associated with intraocular grafts has proven to be an effective kinase (IRAK, Abcam, Cambridge, MA, USA, concentreatment paradigm for administration of drugs to hippotration 1:100), and glucose transporter 1 (Glut-1, Chemicampal grafts for several decades in our research group con, concentration 1:1000). Slides were briefly washed (23, 70) .
in PBS and then blocked in 5% normal goat serum (NGS) for 1 h. Slides were washed again in PBS and Measurement of Graft Growth In Oculo then incubated with the primary antibody overnight at 4°C in a humidifying chamber. After a series of washes In previous work from our laboratory and others (3 × 10 min) in PBS, the slides were incubated with the (5,29), it has been shown that the grafted tissue will first secondary antibody, directed against the appropriate spegrow to the height of the anterior eye chamber, and then cies (conjugated to AlexaFluor 488 or AlexaFluor 594, it grows laterally. Because the height of the anterior eye Molecular Probes, Eugene, OR, USA) for 1 h in the huchamber is approximately 1 mm, the measurements we midifying chamber. Sections were washed again in PBS are reporting using the caliper (length × width) can be and then coverslipped in PVA/DABCO (polyvinyl alcoestimated to reveal the volume of the graft. Grafts were hol mounting medium with DABCO, antifading measured using a protocol as described previously [see agent). Grafts were visualized using a Nikon Optiphot Gerhardt et al. (29) for methodological details].
fluorescence microscope equipped with a Nikon camera.
Serum Total Cholesterol and Triglyceride Levels
Densitometry Semiquantitation of the immunofluorescence was Serum was centrifuged and stored at −20°C until analysis. Serum cholesterol and triglyceride levels were performed on every 15th section through the fetal hippo-campal grafts. Images were first captured on a Nikon ferences (p = 0.6054) between the two groups. Body weights were recorded weekly, and average body Optiphot fluorescence microscope equipped with a Nikon camera using a 20× lens, and then converted to weights during the 8-week study revealed no significant differences (p = 0.4648) between the two dietary treat-black and white in preparation for densitometry measurements. Since the hippocampal grafts are small (max-ment groups (see Fig. 1 ). imum thickness 1 mm), they are not suitable for unbi-Triglyceride and Cholesterol Levels ased stereology assessment. A randomized area density measurement system has therefore been employed by Serum triglyceride levels and total cholesterol levels were compared between all groups at the end of the our group in the past, in order to assess the presence of specific neuronal or glial markers in the grafted tissue study (6 weeks postgrafting and 8 weeks following initiation of the diet treatments). No significant group differ-[see, e.g., Willis et al. (70, 72) for further details]. The Nikon Elements Image Software (NIS Elements) was ences were revealed by an overall one-way ANOVA for the triglyceride measurements (data not shown, p = used to measure densitometry. This software program measures gray scale values within the range of 0-256, 0.2595). However, animals that received the HFHC diet exhibited significantly elevated cholesterol levels (p = with 0 representing white and 256 black. Measurements were performed blinded and the values from the images 0.0423) compared to the control-fed animals (35% higher cholesterol levels in serum following the HFHC were averaged to obtain mean per animal. A threshold was applied to the image determined based on morphol-diet) (Fig. 1C ). ogy. Once the threshold was determined for a specific Graft Growth section, a set rectangular region of interest (ROI, the same across groups) was placed over the section and mea-
The volume of hippocampal grafts was measured after 3 and 5 weeks postgrafting in the anterior chamber sured multiple times throughout the section (depending on the size of the graft). The area covered by threshold-of the eye using a caliper through the cornea of lightly anesthetized recipient rats [see Gerhardt et al. (29) for ing was measured (pixels) and compared between groups. This method of semiquantitation allowed us to measure methodological details]. Vascularization was also assessed at the time of graft measurements using a light the area covered by Glut-1-ir, GFAP-ir, and IRAK-ir. Semiquantitative analysis was also performed on OX-6 microscope through the translucent cornea. Blood pools formed first and then blood vessels developed about 2 immunofluorescence by counting all OX-6-positive cells. Raw images of each graft were captured and con-weeks postgrafting, which is consistent with previous studies from our laboratory (72) . Hippocampal grafts verted to black and white, after which all the cells in each section were counted.
that were transplanted to HFHC diet-treated recipient rats and received saline (HFHC + S) grew significantly Statistical Analysis less compared to all other grafts. The estimated means A one-way ANOVA with Fisher's post hoc analysis for the grafts across the four groups are shown in Figure was used in order to determine whether there were sig-2. An analysis with all groups failed to produce a statisnificant differences in body weights, food consumption, tically significant three-way interaction for time × diet × triglyceride levels, and cholesterol levels between treattreatment. However, the grafts in the HFHC group ment groups. Changes in graft growth were examined treated with saline clearly showed less growth over the using random effects models (SAS Institute Inc., Cary, follow-up period. Separate analyses were conducted NC, USA) on measurements from baseline and at the within each diet group comparing the changes in graft 21-and 35-day follow-up points using diet (control, growth as a function of treatment. In the control group, HFHC) and treatment (saline, IL-1Ra) as between-subthere was evidence for statistically significant graft jects factors. The random effects models provide the growth over the follow-up period (est. = 0.097 mm 3 per same basic information as repeated measures ANOVAs,
week, SE = 0.036, p = 0.014), but no time × treatment but are more flexible with unbalanced follow-up assessinteraction. Grafts into control diet-treated hosts that ments like those used here.
were treated with saline (Control + S) or IL-1Ra (Control + IL-1Ra) grew to comparable sizes, with the saline-RESULTS treated slightly smaller (reaching average final sizes of Weight and Food Consumption 5.5 and 6 mm 3 , respectively). For the HFHC group, the time was not statistically significant (p = 0.094), but the Animals were fed either a control rat chow diet (n = 6) or HFHC diet (n = 6) for a total of 8 weeks, 2 weeks interaction with treatment was statistically significant (p = 0.011). Further analyses within each treatment prior to grafting and 6 weeks postgrafting until sacrifice. Food consumption as measured in grams per week per group indicated that the animals treated with saline failed to exhibit statistically significant growth over the cage (2 animals per cage) revealed no significant dif-follow-up period (est. = 0.038, SE = 0.018, p = 0.061), whereas the group treated with IL-1Ra did exhibit statistically significant growth over time (est. = 0.122, SE = 0.024, p < 0.001). The HFHC-fed and IL-1Ra-treated grafts (HFHC + IL-1Ra) grew to a similar size as the tissue grafted into control diet-treated recipient rats (about 6 mm 3 ), whereas the grafts in the HFHC saline group only reached an average size of 2.5 mm 3 (Fig. 2) . These results suggest that the blockade of the IL-1 receptor may have diminished detrimental effects of the HFHC diet on hippocampal graft growth in oculo. Moreover, the 95% CI (0.068-0.177) for the estimate of growth from this group did not contain the time estimate for the HFHC saline group (est. = 0.038), but did contain the estimates for the groups on the control diet treated with saline or IL-1Ra (est. = 0.097, est. = 0.119, respectively), indicating that the growth for the HFHC group treated with IL-1Ra was statistically different from the HFHC saline group, but no different from ei- Figure 1 . Food consumption and average body weights. Host animals were fed a high-fat, high-cholesterol (HFHC) diet (n = 6 at start of experiment) or control diet (n = 6 at start of experiment) for 8 weeks. There were no significant differences in Figure 2 . Growth of hippocampal grafts throughout the experfood consumption per cage (A) or average body weight (B) iment (6 weeks) as measured by volume. Note that grafts were between the two dietary groups at any point during the experithe same size at the start of the experiment, but the HFHC ment. (C) Total cholesterol. Serum total cholesterol was measaline grafts were significantly smaller compared to all other sured post sacrifice. HFHC-treated animals (n = 5) had a signifigroups at the end of the experiment. On the other hand, HFHC cantly higher total cholesterol level compared to control-treated interleukin (IL)-1Ra grafts were comparable in size to controlanimals (n = 4; p = 0.0423). treated grafts (both groups n = 5). The HFHC animals treated with saline (n = 5) failed to exhibit statistically significant growth over the follow-up period (est. = 0.038, SE = 0.018, p = 0.061), whereas the group treated with IL-1Ra (n = 5) did exhibit statistically significant growth over time (est. = 0.122, SE = 0.024, p < 0.001).
ther of the control conditions. Lastly, further illustration tion of newly formed neurons into organotypical cell layers in the hippocampus in situ. of the differences in average graft growth between the groups is presented in histological sections in Figure 3 Vascularization of Grafts (see below).
Vascularization of the grafts, as analyzed by glucose Graft Morphology transporter-1 immunoreactivity (Glut-1-ir) revealed greater Glut-1-ir in blood vessels in both of the control-treated In addition to the significant differences in graft grafts compared to grafts grown in the HFHC diet-treated growth between the groups reported above, there were recipient rats. The significant decrease in Glut-1 staining also marked histological differences as observed with density observed in both HFHC + S and HFHC + ILthe routine staining. H&E staining was employed and 1Ra ( Fig. 5E ) suggests that the HFHC diet either afrevealed both general and layer-specific alterations in fected protein levels of Glut-1 within each vessel, or hippocampal morphology as a result of the HFHC diet significantly reduced the rate of vascularization within treatment ( Figs. 3 and 4) . HFHC + S grafts exhibited the grafted hippocampal tissues. A close inspection of small, scattered neurons, with limited, if any, formation the images shown in Figure 5 suggests that both of these of the neuronal cell layers organotypic for the hipposcenarios in combination may be true. The fact that the campal CA1 in situ (Figs. 3C and 4C). For each of the IL-1Ra did not significantly restore Glut-1 staining dentreatment groups except for the HFHC + S, neurons apsity to control diet values suggests that there are factors peared large, had a distinct nucleolus, and exhibited involved in the detrimental effects of the HFHC diet morphological resemblance to hippocampal pyramidal other than IL-1, affecting the vascular development in neurons in situ. Control + IL-1Ra and HFHC + IL-1Ra the hippocampal tissue. Further studies including assessgrafts exhibited the most robust, developed neurons as ment of BBB markers as well as an in-depth morphologwell as the most organotypical general organization into ical assessment of the vascularization process would dedistinct layers within the grafted tissue. As is obvious termine factors involved for HFHC diets effects on from the overall images shown in Figure 3 , three of the intraocular grafts. four groups demonstrated a stratified organization, with several areas containing layers of large organotypical Astrocyte Densitometry pyramidal-shaped neurons, resembling hippocampal layers seen in situ. In general, layers were not observed Astrocyte morphology and densitometry were analyzed in order to determine the level of astrogliosis in within HFHC + S grafts, suggesting not only a lack of growth as a result of the diet, but also a lack of migra-hippocampal grafts exposed to the four different treat- ments (fluorescent images are displayed in black and tissues, at least not at the time of sacrifice. However, these findings do not exclude a possible role for astro-white and as inverted images in order to better visualize morphology). Typically, astrocytes are necessary for cytes in initiation of inflammatory processes occurring at earlier time points or later time points following providing a support system for the brain including repair and metabolic support. Due to rapid changes in these HFHC diet treatment during hippocampal development. grafts during their development and the stress following IRAK Densitometry transplantation, it was important to examine any possible changes in astrocytic morphology. The density of an In order to assess the specific effects of the IL-1Ra treatment upon IL-1 function in the grafted tissues, we astrocyte marker (the intermediate filament GFAP) was measured for all groups and no significant differences used an antibody directed against IRAK, which is one of the first molecules recruited to the receptor upon were found (p = 0.2754) ( Fig. 6 ), suggesting that there was no significant astrogliosis occurring in the grafted stimulation by its agonist (IL-1). The data shown in Fig-Figure 5 . Vascularization of grafts. Distribution of microvessels within the grafted tissues was evaluated using an antibody directed against glucose transporter-1 (Glut-1). Control saline (n = 4) and control IL-1Ra-treated grafts (n = 2) exhibited increased Glut-1 immunostaining compared to HFHC-treated grafts (saline n = 3; IL-1Ra, n = 4), manifested both as a denser structure of vessels stained with Glut-1 and enhanced staining within each blood vessel (A, B). Control grafts (saline and IL-1Ra) versus HFHC (saline and IL-1Ra) had a significantly greater area covered by Glut-1-ir (p = 0.018). Scale bar: 20 µm. ure 7 revealed a significant increase in IRAK-ir in Activated Microglia HFHC + S grafts, compared to their IL-1Ra-treated counterparts (control + IL-1Ra was significantly lower Lastly, we examined activated microglia in the grafted tissues using an antibody (OX-6 or RT1B, Sero-than control + S, p = 0.0183; HFHC + IL-1Ra was approaching significance compared to HFHC + S, p = tec) that labels major histocompatibility complex II-positive cells. This antibody has been utilized to label acti-0.0596; HFHC + IL-1Ra was significantly lower than control + S, p = 0.0010). These data demonstrated that vated microglial cells in grafted hippocampal tissues in previous work from our group (71) and reliably labels IL-1Ra treatment reduced IRAK staining in both control and HFHC diet-treated recipient rats. Even though in-inflammatory activation of resident microglial cells in brain tissue. The number of OX-6-positive cells were flammation is involved in the detrimental hippocampal growth and development shown here, other elements counted and their morphology was examined. Both control + S and control + IL-1Ra revealed small numbers of such as those affecting the vascularization may also play prominent roles.
OX-6-positive cells per section (control + IL-1Ra = 7 ± Figure 7 . IRAK distribution. An antibody to IL-1 receptor associated kinase (IRAK) was used in order to visualize effects of the HFHC and the IL-1Ra upon IL-1 signaling in grafted hippocampal tissues. As can be seen here, saline-treated grafts exhibited a significant increase in IRAK immunostaining (A, C), compared to the IL-1Ra-treated grafts (B, D). The IRAK staining appeared to be localized both intracellularly, especially in the HFHC group (C), and diffusely throughout the tissues. Densitometry (E) confirmed that IL-1Ra significantly reduced IRAK staining in both diet groups [control caline (n = 5) is significantly greater than control IL-1Ra (n = 4), p = 0.018; HFHC saline (n = 5) is significantly greater than HFHC IL-1Ra (n = 5), p = 0.059; control saline is significantly greater than HFHC IL-1Ra, p = 0.0010]. Scale bar: 20 µm.
1.5, control + S = 5 ± 1.5). Grafts to HFHC diet-treated The HFHC Diet Altered Fetal Hippocampal Growth recipients, on the other hand, exhibited two to three times as many cells per section (HFHC + S = 18 ± 20)
Previous studies from our laboratory and others have shown stunted growth of fetal brain tissue grafts or em- (Fig. 8) . The HFHC + IL-1Ra grafts exhibited a reduction in the number of OX-6-positive microglial cells to bryonic stem cells to aged host animals compared to young hosts (59, 60, 69, 72) . Furthermore, we have shown levels observed in grafts on the control diet (HFHC + IL-1Ra = 6 ± 5). In addition to differences in the number that dietary supplementation with blueberries improves the growth of hippocampal transplants to aged host ani-of activated microglia found for each group, alterations in microglial morphology were observed. All grafts ex-mals, and reduces both astrogliosis and microglial activation in the grafts, suggesting that either antioxidant or hibited at least a few microglial cells; however, the HFHC grafts also exhibited cells that appeared more re-anti-inflammatory properties of blueberries reversed most observed effects of the aged mileu on grafted fetal active (amoeboid microglia) with shorter processes and very thick cell bodies, highly stained with the OX-6 an-tissues (69). Not only did this study reveal altered graft growth, but it also exhibited reduced activated microglia tibody. The other groups, while displaying activated microglia, had more ramified morphology with longer pro-following blueberry supplementation. This is support for our notion that inflammation may play an important role cesses and less OX-6 staining compared to the HFHC + S grafts. The difference in microglial morphology of the in development of brain tissue grafts. In a study by Das et al., neocortex from various stages of embryos was four groups is demonstrated in Figure 8A -D.
transplanted to the cerebellum of host rats. It was found DISCUSSION that as the age of the tissue increased, the survival and growth of that tissue following transplantation decreased. In this study, we explored the effects of a high saturated fat and cholesterol diet on survival of fetal hippo-Therefore, not only does the age of the host animal affect graft growth but the age of the graft is important as campal grafts to middle-aged hosts. Graft growth measurements throughout the 6-week experiment revealed well (18) . A study on the growth of the hippocampus was found to be best using tissue at embryonic days 16 stunted growth of fetal hippocampal tissue when transplanted to the host animals fed the HFHC diet compared and 18 (18, 44) . These results are similar to our earlier work, suggesting E18 to be the most appropriate age for to control. In addition, grafts to HFHC animals that were treated topically with IL-1Ra grew to approximately hippocampal grafting to the anterior chamber of the eye as well (29) . Previous work has suggested that hippo-three times the size of HFHC saline-treated grafts. H&E staining revealed that grafts transplanted to the HFHC-campal growth and development is affected by: 1) vascularization (37), 2) proinflammatory cytokines (39), fed host animals exhibited a reduced organotypical development of cells into hippocampal layers compared to and 3) growth factor production in the host and the grafted tissues (4,70). However, studies have not been the grafts transplanted to control-fed subjects as well as the IL-1Ra-treated HFHC hosts. Differences in the dis-undertaken previously regarding the effects of HFHC diets upon hippocampal growth and development. Our tribution of the vascular marker Glut-1 observed between dietary groups suggested that HFHC diet affected findings in the present study demonstrate that not only graft growth was altered by our treatment, but neuronal vascularization in the hippocampal grafts; here, the IL-1Ra topical application did not appear to improve condi-development and organization was affected as well (see below). Potential mechanisms for the massive loss of tions, suggesting that other factors may also be involved. Interestingly, no significant differences were found for graft growth and organization observed in HFHC-treated hosts were explored using different neuronal and glial astrocyte densitometry. Finally, significant differences were found in the number of activated microglia and markers. Here, we see inhibition of hippocampal transplant growth due to two detrimental factors: age of the IRAK distribution. HFHC-fed hosts exhibited transplants with a significant increase in activated microglia host and HFHC diet. These findings may impact individuals receiving both neuronal and other grafted tissues compared to all other groups. For both the HFHC-fed and control-fed hosts, IL-1Ra topical administration re-and could lead to potential treatment therapies to enhance graft survival. duced IRAK activity compared to saline administration, strongly suggesting that the IL-1 receptor blocker Further studies from our laboratory have used highfat diets in vivo for short-term (8 weeks) (33) and long-crossed the BBB and exerted effects on IL-1 signaling in the grafted tissue. Taken together, the HFHC diet term (6 months) treatment (currently unpublished), particularly in the aged rat. Similar findings to the intraocu-was shown to exert detrimental effects on hippocampal growth and development. Factors contributing to this lar transplant model were found such as increased microgliosis and altered Glut-1 immunoreactivity. For effect include, but are not limited to, vascularization and inflammation.
example, a study in which isocaloric diets were adminis- Figure 8 . OX-6: Activated and reactive microglia. An antibody to MHC class II-positive cells (OX-6, RT1B) was used in order to examine the distribution of activated microglial cells in the hippocampal grafts. As can be seen in (C), HFHC diet saline grafts exhibited the greatest number of OX-6-positive cells compared to all other groups. Densitometry (E) confirmed these findings, and revealed a significant increase in OX-6 immunolabeled microglial cells in this group compared to the other three groups. Control + IL-1Ra grafts (n = 3) had 7 ± 1.5 activated microglia, control saline (n = 3) had 5 ± 1.5 activated microglia, HFHC + IL-1Ra (n = 5) had 6 ± 5 activated microglia, and HFHC saline (n = 5) had 18 ± 20 activated microglia. Scale bar: 20 µm.
tered including a high saturated fat diet (lard), high-IL-1Ra) to have significantly less Glut-1-ir compared to control (saline and IL-1Ra; data not shown, p = 0.018). cholesterol diet (soybean oil with 2% added cholesterol), and high-trans fat diet (hydrogenated coconut oil) com-
The density of Glut-1 staining within each vessel as well as the overall density of Glut-1-ir vessels was reduced pared to a mainly unsaturated fat diet (soybean oil), revealed detrimental effects of each treatment diet after by the HFHC diet. It is known that with aging, many proangiogenic factors are increased such as vascular en-just 8 weeks. This study was designed in order to determine which aspect of the "Western diet" was the most dothelial growth factor, basic fibroblast growth factor, and transforming growth factor-β (63) while antiangio-detrimental to serum lipid profiles and hippocampal morphology. While the diets revealed varying degrees genic factors decrease (27, 56) . However, effects of a high-fat diet on brain vascularization, especially in the of effects, each of the diets altered the lipid profile, increased microgliosis in the hippocampus, and altered hippocampus, have not been well studied. The proinflammatory cytokine IL-1β has been shown to play a Glut-1 immunoreactivity. Therefore, each component of the "Western diet" led to detrimental effects and significant role for BBB permeability and subsequent neuroinflammation following systemic inflammation changes in the hippocampus (Freeman et al., Nutritional Neuroscience, in press). When all of these factors were (43) and it was therefore interesting that IL-1Ra treatment of HFHC-treated grafts had no apparent effect on combined, such as in the HFHC diet, greatest effects were observed.
Glut-1-labeled vessels, certainly suggesting that other factors are involved in the vascular development in Altered Organization Accompanies the Reduced Growth grafts to HFHC-treated hosts. Glut-1 is present in brain blood vessel walls in the fetal rat at E13, and increases In the studies by as well as our current study, stunted graft growth was also accompa-concomitantly during development to adulthood (8). As blood vessels become more mature, the absolute amount nied by altered hippocampal organization and neuronal development. It has been previously reported by our lab-of Glut-1 per vessel profile increases, while the vessel size narrows with thinner walls as the brain matures. It oratory and others that host animal age affects organotypical development of neurons and glia in the grafted is therefore possible that the altered Glut-1-ir observed is the result of delayed vascular development, even tissues (25, 69) . Based on previous studies demonstrating significant effects of the HFHC diet used here upon hip-though further proof for this needs to be generated in future studies. Further analysis of BBB integrity is also pocampal function in middle-aged hosts (33), we decided to utilize the same age for hosts in the current necessary as this may be an important component in both age-associated and diet-associated alterations to study. Further disruption to cellular organization was observed when middle-aged hosts were fed the HFHC hippocampal growth and development according to our previous studies (34, 72) . diet, with most of the grafts in this group exhibiting no organization into layers, and smaller, scattered neurons Astrogliosis in Hippocampal Grafts throughout the grafted tissue. A more organotypical development of hippocampal neurons was found when Contrary to findings in the previous study from our laboratory using an intraocular transplant model (71) these grafts received topical treatment with the IL-1 receptor antagonist IL-1Ra. This is similar to the previous and others (24,26) in which astrogliosis increased with age of hosts, astrocytes as measured by GFAP were not findings by Willis et al. (69, 71, 72) in which blueberry supplementation rescued effects on organization due to increased further in HFHC-fed host grafts, at least not at the postgrafting time point examined here. Typically, transplantation to aged hosts. Our findings presented here certainly suggest that host dietary intake can have astrocyte activation is associated with neurodegeneration and goes hand in hand with microglial activation as both significant detrimental effects on migration of neurons in the hippocampus into the appropriate layers. Since influence each other through various mechanisms (2, 16, 20) . Studies have also shown factors that can reduce IL-1Ra gave rise to a significantly higher order in hippocampal layers, we suggest that elevated proinflammatory astrocyte activation such as trophic factor stimulation (6,57) and blueberry supplementation (71). We found a cytokines in middle-aged and HFHC-treated rats gain access to the grafted tissue and affect development. significant increase in microglial activation and perhaps astrogliosis would have been observed following a Vascularization of Hippocampal Grafts longer postgrafting time. As can be observed in Figure 5 , the HFHC diet re-Increased Microglial Activation From the HFHC Diet duced the area covered by Glut-1 immunoreactivity compared to the control diet. While these results were Lastly, significant microglial activation was observed in grafts from the HFHC-fed host rats compared to all not statistically significant for diet × treatment, once the data were collapsed we found the HFHC diet (saline and other groups. Previous studies from our laboratory have shown increased microglial activation in aged host rats REFERENCES (69), as well as middle-aged rats treated with the HFHC 1. Apostolakis, S.; Vogiatzi, K.; Krambovitis, E.; Spandidos, diet (33) . Increased microglial activation in the hippo-D. A. IL-1 cytokines in cardiovascular disease: Diagnoscampus with aging has been connected with decreased tic, prognostic and therapeutic implications. Cardiovasc. Hematol. Agents Med. Chem. 6(2):150-158; 2008. neurogenesis (22, 40, 47) , demonstrating a role for micro-
